We propose a layer-by-layer graphene/insulator stacks based terahertz plasmonic sensor of refractive index of testing samples using a prism-coupling attenuated total reflection configuration. An angular interrogation technique has been used to explore the performance of the sensor in terms of detecting accuracy, sensitivity, and figure of merit (FOM). From the analysis of theoretical resonance angle of the sensor and the finite element method (FEM) based simulation, we reveal that the number of graphene layer (N), the Fermi level energy (E F ) of graphene, and refractive index of testing samples have a great effect on these performance parameters. The simulated results show that more layers of graphene will result in higher detection accuracy but lower sensitivity and FOM. The effective detection accuracy can be improved through high doping levels or with multilayer graphene. The maximum detection accuracy is 7.14 degree -1 for N = 5 at E F = 1.6 eV. The maximum sensitivity is 51.0°/RIU, along with a FOM up to 12.75 RIU -1 for N = 1 at E F = 1.0 eV.
Introduction
The plasmonic sensor is an important application of Surface plasmon resonance (SPR) [1] - [3] . Surface plasmon polariton (SPP) is excited by the collective oscillations of free charge carriers at the interface of metal-dielectric with permittivities of opposite sign [4] , [5] . Such SPPs not only are able to enhance the intensity of electromagnetic field in a confined region but can confine the electromagnetic wave within subwavelength and propagating along interface form SPP wave as well [6] . They gives rise to surface plasmon resonance (SPR) by coupling resonance and are found to be extremely sensitive to any changes of the dielectric environment close to the interface [7] . In other words, the condition of SPR will change with different samples. Thus, the SPP wave is widely used in sensing, i.e., SPR sensing technique [8] . Because of the inherent rotational Otto configuration based THz SPR sensing system using GIS: n p , n s , and n o are refractive index of the prism, sample, and substrate; k 0 is wavevector of vacuum; k p is wavevector of prism with the internal incident angle θ i n ; and t s and t o are the thickness of sample and substrate. t gN and t bN are the thickness of MLG and buffer layer for No. of graphene layer of N, respectively. and vibrational modes of many macromolecules in terahertz regime (0.1-10 THz), they exhibit signature spectra in THz frequency [9] - [11] . Therefore, terahertz SPR sensing technique is an effective way of monitoring the dynamic reaction process of biological molecules, which has huge potential application of biosensing. For most of metals, their intrinsic plasma frequency locating in the ultraviolet frequency and they resemble a perfect electric conductor in THz regime. However, the subwavelength confinement only can be acquired in the vicinity of the plasma frequency. To circumvent the limitations of low frequency wave, tunable spoof SPP modes supported on metal surfaces corrugated with nanoholes or nanorods and periodic grooves have been proposed [12] - [15] , but these metal surfaces corrugated have complex design, which cannot be actively tuned; what's more, the sensitivity and a figure of merit (FOM) of SPR sensor based metal surfaces corrugated need to be further improved.
Recently, research has demonstrated that graphene, which is a 2-D structure consisting of sp 2 bonded carbon atoms in a hexagonal lattice [16] , can also support highly confined surface plasmon (SP) modes at the midinfrared and THz regimes [17] . Furthermore, it exhibits well confined SP modes with advantages of being highly tunable via electrical and chemical doping [18] . Therefore, it has extensive application in sensor due to its inherent superiorities [19] , [20] . However, surface plasmons (SPs) excitation on graphene remains major drawbacks with the relatively large momentum mismatch between the SPs and the light photons. This will also affect the performance of the graphene-based sensor. Fortunately, theoretical studies have showed that the momentum mismatch between the highly confined SP modes and the incident radiation can be alleviated effectively by high doping levels or with multilayer graphene. Also, SPs excitation at terahertz frequencies with highly-doped graphene sheets via attenuated total reflection have been analyzed [21] . Multilayer graphene structures show as a favourable platforms of plasmonics, which are highly desirable for improving the detection accuracy of a sensor. In this paper, we designed the Otto configuration based THz plasmonic sensor using graphene/insulator stacks (GIS) on organic material substrate. The detection accuracy of our proposed sensor can be improved effectively by high doping levels of graphene or with multilayer graphene. Further, the finite element method (FEM) has been used to analyze the performance of the sensor.
Configuration of SPR Sensing
The structure of the Otto configuration based THz SPR sensing system using GIS illustrated in Fig. 1 . Each of the doped monolayer graphene (MLG) is separated by buffer layer with a thickness of t b = 20 nm and a refractive index of n b = 1.535 [22] forming GIS. The effective thickness of doped MLG t g = 0.5 nm [23] . The GIS deposited on the top of an organic material substrate with a refractive index of n o = 1.6 [21] . The organic material substrate layer with a thickness of t o = 15 μm is taken to be non-polar so as to have negligible remote phonon scattering [24] . 
⊥ , k and k ⊥ are the parallel and perpendicular components of k p ). After interacting with the testing sample, the modulated THz radiation will reflect off prism base and exit to the other facet of prism where the modulated radiation would be detected. Thus, the dielectric parameters of medium between the prism base and the graphene could be detected by measuring the reflection spectrum. The detected reflection spectrum variation shows a sharp minimum at resonance angle when the condition of momentum matching is fulfilled, i.e.,
where k spp is the parallel component of the SPP wave.
Physical Mechanism Analysis
In the THz frequencies, with high Fermi level energy (E F ) of MLG ( ω E F , where ω is photon energy), the surface conductivity of MLG is dominated by intraband contribution and can be approximated by a Drude model as [26] 
where e is the charge of an electron, is the reduced Planck constant, and ω is the angular frequency. E F is the Fermi level energy of graphene and it is determined by the carrier density
There are various ways of graphene doping, e.g. chlorine plasma reaction [27] , electro thermal reactions [28] , chemical vapor deposition [29] and so on. Here we have considered E F = 0.4 ∼ 1.6 eV within the doping levels achievable in experiments [30] . τ is the phenomenological relaxation time which is taken to be 1 ps to account for scattering loss from acoustic phonons [31] , [32] . The contribution of buffer layers to the total conductivity can be ignored due to buffer layers are thin and non-conducting [33] . Thus, the total dynamical conductivity is the sum of the conductivities of the individual graphene sheets, i.e. σ total = N σ, where N is the No. of graphene layer (N < 6), and σ is the conductivity of MLG [34] , [35] . The permittivity of graphene sheets can be given as
For highly doped MLG,
, where ε g and ε g are the real and imaginary parts of ε g . Therefore, highly doped MLG would support highly confined SPP modes at THz frequency [36] . By matching the boundary conditions for the SPR system, the dispersion relation of SPP can be derived as [31] 
where 
Combined (2) with (4), we could see that the imaginary part of SPP wavenumber K SPP is inversely proportional to Fermi level energy E F and the No. of graphene layer N under a fixed frequency and given dielectric environment. Thus, the FWHM of SPR curve which is responsible for the DA of sensor will decrease with increasing E F or N. It is to be noted that we have considered the most simple model n s = 1 to make it easier to further discuss the effect of E F and N on sensor performance. We plotted the variation of the imaginary part of SPP wavenumber K SPP with THz frequency for No. of graphene layer N from 1 to 5 at E F = 1.0 eV and four different values of E F = 0.7, 1.0, 1.3 and 1.6 eV at N = 5 by using (4), as shown in Fig. 2 . Fig. 2(a) illustrates that with the increase of frequency, the K SPP increases accordingly for the same No. of graphene layer; However, the more layers, the smaller value of K SPP at the same frequency. Besides, the effective mode index of the SPP n SPP ( n SPP = K SPP /K 0 ) decreases gradually with increasing N from 1 to 5 at 5 THz. Fig. 2(b) shows that the K SPP also increases with the increase of frequency for the same E F ; And the higher E F , the smaller value of K SPP at the same frequency. What's more, the n SPP decreases with the increase of E F at 5 THz.
In order to explore the relationship between the resonance angle and the refractive index of testing sample n s , we plotted the theoretical SPR resonance angles against the refractive index of testing sample n s by replacing the term of K SPP in (4) by k for N from 1 to 5 at E F = 1.0 eV. Here, it is to be noted that for our calculations, we have considered the refractive index of testing sample n s from 1 to 1.4. From Fig. 3 , we can see that the resonance angle keep a high linear relation to n s and the resonance angle increase with the increase of the refractive index at the same No. of graphene layer. What's more, with the increase of N, resonance angle decrease gradually at the same of n s . It is clear that the slope of resonance angle curve also decrease with the increase of N, i.e. the smaller graphene layers, the higher sensitivity at the same of n s .
Sensing Performance Analysis
In this work, we conducted 2D simulations to obtain the reflectance by using COMSOL Multiphysics for various SPR resonance angles in all circumstances. The simulation model is the unit cell as shown in the inset of Fig. 4(a) . The periodic port was applied to inject TM-polarized THz wave with the frequency of 5 THz and the two sides of model are Periodic boundary (BD) along the direction of periodicity layer. The graphene sheet in GIS was modelled using the Drude model. In our simulation, all of physical and geometrical parameters are the same as mentioned previously. It is to be noted that the gap of testing sample t s has an important influence on the coupling efficiency of evanescent wave into SPP and is varied with electric function of testing sample [15] , [37] . Through our several simulations, we found that the optimal coupling gap t s was varied between 3.2-4.2 μm. The simulation results of No. of graphene layer N from 1 to 5 at E F = 1.0 eV are shown in Fig. 4(a) . The optimal resonance angle ϕ N reduces from 50.9°for N = 1 to 25.3°for N = 5. For N = 1, the minimum reflectance reaches 29% and other minimum reflectance with multilayer graphene are close to 0, i.e., the complete power gets transferred from incident wave to the SPP in multilayer graphene. Thus, multilayer graphene sensors exhibit much higher couplingefficiency between incident wave and SPP. The inset of Fig. 2(a) demonstrates that the effective mode index of the SPP n SPP decreases gradually with increasing N from 1 to 5 at 5 THz. Thus, the optimal resonance angle ϕ N which is determined by the angle sin −1 (n s p /n p ) decreases gradually. Furthermore, the FWHM of each reflectivity spectra narrows obviously as the increase of N, i.e. the DA of the sensor can be improved effectively by increasing the No. of graphene layer. That's because the width of the resonance is roughly proportional to K SPP [18] . From Fig. 2(a) , we can see that the more layers of graphene, the smaller value of K SPP at the frequency of 5 THz. Therefore, more layers of graphene will result in higher DA. The variation of FWHM and DA with N were illustrated in Fig. 4(b) , the DA of sensor increases with the increase of the No. of graphene layer. At N = 5, it is up to 3.22 degree −1 which is about 13 times of the DA at N = 1. Therefore, multilayer graphene sensors have a huge advantage over monolayer graphene sensor in detection accuracy. The DA of 3.22 degree −1 is very close to the DA value reported in the literature [21] . For example, the DA value of 3.23 degree −1 was reported in Reference 21 by analysis of surface plasmon excitation at terahertz frequencies with highly doped graphene sheets via attenuated total reflection for N = 5 at E F = 0.9 eV.
To investigate the effect of doping levels of graphene on the DA of the sensor, we plotted the reflectivity spectra for various Fermi level energy (E F ) from 0.7 to 1.6 eV and calculated the value of FWHM and DA with different E F at N = 5 as shown in Fig. 5 . Through our several simulations, we found that the optimal coupling gap t s was varied between 3.8-4.6 μm for E F from 0.7 to 1.6 eV. The optimal resonance angle ϕ E F reduces from 26.55°for E F = 0.7 eV to 24.50°for E F = 1.6 eV and all minimum reflectance are close to 0. This proved again that multilayer graphene sensors possess a higher efficiency of the coupling. As shown in the inset of Fig. 2(b) , the effective mode index of the SPP n SPP also decreases gradually with the increase of E F . Therefore, the optimal resonance angle ϕ E F from the angle sin −1 (n s p /n p ) also decreases with the increase of E F . What's more, the FWHM of each reflectivity spectra narrows distinctly with increase of E F . This is due to the value of K SPP decreases with the increase of E F at the same frequency as revealed in the Fig. 2(b) . Therefore, the DA of the sensor can be improved effectively by high doping levels of grephene. The variation of FWHM and DA with E F were illustrated in inset of Fig. 5 . The maximum DA is up to 7.14 degree −1 for N = 5 at E F = 1.6 eV. In order to further compare the sensitivity of the sensor with different No. of graphene layer N, we plotted the resonance angles along the testing sample refractive index n s from 1.0 to 1.4 for N from 1 to 5 at E F = 1.0 eV, as illustrated in Fig. 6 . It is noted that for our simulations, we have considered the optimal coupling gap t s = 3.2, 3.4, 3.8, 4, and 4.2 μm for N from 1 to 5, respectively. The scatter data are the numerical simulation results using finite element method, which are slightly greater than the value of theoretical SPR resonance angles mentioned above. The reason is that the angular position of the resonance dip is modified in the presence of the coupling prism [38] . Furthermore, narrower gap t s or where the SP fields are more intense, stronger coupling with the prism will gives rise to the shift of the optimal resonance angle [18] In addition, the slope of resonance angle curve decrease with the increase of N, i.e. the smaller graphene layers, the higher sensitivity and the maximum sensitivity is 51 degree/RIU at N = 1 which is higher than reported in the literature [39] . Furthermore, the variation of FOM with different N at n s = 1 as shown in the inset of Fig. 6 . The FOM decrease with the increase of the No. of graphene layer. The FOM of five layers graphene sensor decrease down to 6.83 RIU −1 . But it is still higher than FOM of 5.26 RIU −1 reported in the literature [19] . The FOM of monolayer graphene sensor is 12.75 RIU −1 , which is higher obviously than other values of FOM. Furthermore, although the DA of multilayer graphene sensors much larger than the DA of monolayer grapheme sensor, multilayer graphene sensors need more complex manufacture and higher cost. Therefore, the sensor with monolayer graphene have a preferable performance and potential application value.
In order to further explore the performance of this sensor, we also simulated the case the number of layers further expanded to 6 and 7 for n s = 1.0 and 1.1 at E F = 1.0 eV. From Fig. 7 , we can see that the FWHM decreases with increase of N, i.e., the DA of sensor will increase with increase of N. It is consistent with our previous analysis. As we discussed above, testing sample refractive index n s and resonance angle keep a high linear relation. Thus, the sensitivity and FOM of N = 6 and 7 at n s = 1.0 can be calculated from the reflectivity. The calculated results show that the FOM are 3.48 RIU −1 and 3.13 RIU −1 , respectively, for N = 6 and 7. They are inferior to the FOM of 6.83 RIU −1 at N = 5. It is also consistent with our previous analysis. We plotted the reflectivity spectra for various testing sample refractive index n s from 1 to 1.4 at N = 1 and E F = 1.0 eV, in purpose of, have a further insight into the relation of incident angles and reflectance at different n s as shown in Fig. 8(a) . It is noted that t s = 3.2 μm for our calculation. The optimal resonance angle ϕ E F increases from 50.9°for n s = 1.0 to 71.5°for n s = 1.4 and the minimum reflectance are varied between 24% and 37%. Moreover, the FWHM for each case are reduce with the increase of n s . The reason is attributed to the fact that the fractional modal power at the interface of sample/graphene increases with the increase of n s [36] . According to the previous calculation of sensitivity, we also calculated the FOM which is inverse of FWHM and it is in inverse proportion of n s , as illustrated in Fig. 8(b) . As shown in the inset, it is obvious that the intensity of electromagnetic field enhance vastly above and below graphene which further illustrates that highly doped MLG could support highly confined SPP modes at THz frequency. The FOM values we calculated for n s = 1.0, 1.1, 1.2, 1.3, and 1.4 are 12.75 RIU −1 , 10.87 RIU −1 , 9.12 RIU −1 , 7.36 RIU −1 , and 5.44 RIU −1 , respectively, which are higher than reported in the literature [40] .
Conclusion
In summary, we have demonstrated a tunable graphene/insulator stacks based THz plasmonic sensor. Through physical mechanism analysis and 2-D FEM simulation, it was showed that the number of graphene layer has an important effect on the performance of the sensor we proposed. The more No. of graphene layer (N < 6) will lead to higher detection accuracy. However, the sensitivity and FOM decrease little by little with the increase of the No. of graphene layer. The sensitivity and FOM are 51 degree/RIU and 12.75 RIU −1 , respectively for N = 1 at E F = 1.0 eV and n s = 1 but they drop to 2.12 degree/RIU and 6.84 RIU −1 , respectively, under the same conditions for N = 5. Besides, the effective detection accuracy can be actively tuned by adjusting the Fermi level of graphene. The higher level of doping, will also give rise to higher detection accuracy. The maximum detection accuracy is up to 7.14 degree −1 for N = 5 at E F = 1.6 eV. Moreover, the FOM is in inverse proportion of testing sample refractive index n s . It is decreases from 12.75 RIU −1 to 5.44 RIU −1 for N = 1 and n s increase from 1 to 1.4 at E F = 1.0 eV. The introduction of the sensor is a promising pathway for development of doped graphene sheets based THz plasmonic sensor. It can be widely applied in all kinds of samples sensing, including gaseous and fluidic molecules.
